A chirped moiré fiber Bragg grating has been demonstrated to be capable of measuring the magnitude, position, and footprint of a transverse load. The device provides an average spatial resolution of 164 m and has a load accuracy of 0.15 N͞mm, or 50 ε.
Introduction
There are a variety of ways in which chirped moiré fiber Bragg gratings ͑CMFBGs͒ can be fabricated. [1] [2] [3] Such gratings have been used as wide stop-band transmission filters, 2 wavelength-division multiplexing channel selectors, 4 distributed strain sensors, 5 and distributed temperature sensors. 6 We are aware of no research conducted on the use of CMFBGs as distributed load sensors. Load sensors have been studied by use of a number of fiber grating structures, including uniform fiber Bragg gratings, 7 piphase shifted fiber Bragg gratings, 8 chirped fiber gratings, 9 sampled fiber-Bragg gratings, 10 and longperiod gratings. 11, 12 Most of these techniques allow either the applied load or the position of the load to be measured but never both simultaneously. The method proposed theoretically by Torres and Valente 7 and demonstrated experimentally by Tjin et al. 9 does allow both load and position to be measured, but with this method it proves difficult to define the footprint accurately. In this paper we present a distributed load sensor that is capable of accurately retrieving the magnitude, position, and footprint of a load that is being applied transversely to a fiber.
Moire Grating
A CMFBG was fabricated with a 244-nm frequencydoubled cw Coherent FreD laser by a phase-mask fabrication technique. The 25-mm-long grating was inscribed into hydrogenated SMF-28 single-mode fiber by a double scan technique. 3 An initial chirped grating was written, the fiber was strained, and then a second chirped grating was written directly over the first grating. The straining gave a 5-nm difference in the central wavelength of the two gratings. As the second grating was written with a period that was different from that of the first grating, a beat effect was created by the superposition of the two gratings' fringe patterns. Hence phase shifts were introduced at the zero points of the beat effect that acted as passbands, thus creating the moiré structure ͑Fig. 1͒. The subsequent refractive-index profile is defined by 13 ⌬n͑ z͒ ϭ 2␦n
where ␦n is the dc offset of the refractive index, z is the position along the fiber axis, and ⌳ a and ⌳ b are defined by Eqs. ͑2͒ and ͑3͒, respectively,
where ⌳ 1 and ⌳ 2 are the periods of the two superimposed gratings. For a chirped grating they are expressed as a function of z. ⌳ b is the period of the slowly varying envelope. From this the spatial separation of each passband of the device is given by
It is then possible to calculate the number of passbands formed in the CMFBG from
Because the grating is chirped, the spacing between the passbands, ⌬z, varies slightly with position. For the CMFBG shown in Fig. 1 , the spacing at 1515 nm is 158 m, and at 1565 nm the spacing is 169 m, as calculated from Eq. ͑4͒. This implies that the spatial resolution of the device is different for each point along the grating length. Practically, this is not a problem because the difference is insignificant to the size of any loading element. The mean spatial resolution of the device is 164 m. This is the highest spatially resolved moiré grating of which we are aware.
Position and Footprint Sensing
A loading device was used to apply a load transverse to the optical fiber's longitudinal axis. The device consisted of two parallel metallic plates with the CMFBG between them. To maintain an even load distribution on the grating, a second piece of fiber was placed alongside, as shown in Fig. 2 . This ensured that any load was applied through the vertical plane with no horizontal component. The CMFBG was connected to an Agilent 8164A light-wave measurement system and a circulator for transmission and reflection measurements.
When a load was applied to the CMFBG a redshift in wavelength occurred near the point where the load was applied, as shown in Refs. 7 and 9 and demonstrated in Fig. 3 . An important point to note is that this technique of measuring the wavelength shift is not capable of detecting the load magnitude accurately. In Section 4 below, we describe an accurate way to sense the load.
Because the grating is chirped, each wavelength corresponds to a physical position along the grating. As the phase shifts occur at discrete wavelengths within the fiber, their physical position may be calculated. The wavelength of the grating can be converted to position along the grating by use of the equation 14
where 0 is the starting wavelength of the grating, x is the wavelength at any position along the grating, n eff is the effective refractive index of the grating, and C is the chirp rate. By measuring the position of the fringes for which this redshift occurs, one may find the position and the footprint of the load on the grating ͑Fig. 4͒. Using Eq. ͑6͒, we calculated the footprint of the loading element as 2.54 Ϯ 0.16 mm, in excellent agreement with the actual measurement of 2.50 mm.
Load Sensing
The magnitude of the load may be calculated by use of the effect of birefringence as demonstrated by LeBlanc et al. 8 As load is applied to the fiber, birefringence occurs owing to the nonisotropic nature of the load. This causes the phase shifts to be split into two peaks, which correspond to the induced fast and slow axes of the grating as shown in Fig. 5 . Figure 5 shows not only the peak splitting but also the red wavelength shift and a reduction in the level of light transmitted. This is due partly to the deformation of the core's cross section and partly to the displacement of the core in the plane to which the load is applied, both of which will decrease the guiding ability of the fiber, therefore increasing the optical transmission loss of the fiber over the area where the load is applied. The birefringence, B, that causes the peak splitting can be calculated from the equation 8 
B ϭ ⌬n
where
is the difference in the index of refraction between the slow and fast axes of the grating, n is the average index of refraction of the grating core, and
is the average wavelength of the grating, where 1 and 2 are the wavelengths of the two split peaks. It is useful to convert the applied load to a transverse strain measurement by using the following equation 15 :
where f ϭ 0.17 is the Poisson ratio of the optical fiber, F is the force per unit length, E f ϭ 70.3 GPa is the Young modulus of the fiber, and d f ϭ 125 m is the diameter of the fiber. The strain measurement gives a physical measurement of the conditions within the fiber; a load measurement would give a measurement of the conditions on the surface of the fiber. The linear dependence of the birefringence induced on the load, shown in Fig. 6 , allows this technique to be readily applicable to a real-life device. The Agilent measurement system is capable of measuring the peak separation to a resolution of 0.2 pm. As the gradient of the slope is 27.3 pm͑͞N͞ mm͒, the accuracy of the loading experiment is 0.15 N͞mm, thus giving a transverse strain accuracy of 50 ε. This then allows a distributed measurement of the load of an object on top of the CMFBG to be calculated, as shown in Fig. 7 . The loading element was a 7-mm-wide piece of aluminum placed at one end of the CMFBG. Figure 7 indicates that the maximum load was 14 N͞mm and that there was not a constant load across the entire length of the aluminum block; this is probably so because the surface of the block was not perfectly flat.
Conclusions
A device to give a distributed measurement of the magnitude, position, and footprint of a transverse load has been experimentally demonstrated. The CMFBG presented has an extremely high average spatial resolution of 164 m and a loading accuracy of 0.15 N͞mm, or 50 ε. The device covers a short spatial range, but it is possible to fabricate such gratings over a greater length. Such a grating would lose spatial resolution if it were fabricated with the same chirp rate. Therefore there is a direct trade-off between the spatial resolution and the length of the grating. However, any application that required a longer grating would probably not require such high resolution.
